Crossbred pigs ( n = 30) were fed to determine the influence of supplementation with vitamin E on growth and slaughter characteristics of swine and on the quality characteristics of fresh pork. Pigs received either a control diet containing no vitamin E (CON) or a diet formulated to contain 100 mg of vitamin E/kg feed (VITE). During 84 d of feeding, feed intake and weight gain were measured every 2 wk. After the feeding period, pigs were slaughtered and the loin from the left side of each carcass was removed 4 d after death. a-Tocopherol concentration and proximate composition of the longissimus muscle were determined. Loins were sliced into 10-cm sections and stored under vacuum ( 2°C ) for 0, 14, 28, and 56 d. After storage, loins were sliced into 2.54-cm chops, wrapped in polyvinyl chloride film and stored in a retail case ( 2 to 4°C ) for 5 d. Thiobarbituric acid (TBA) values, Hunter L, a, and b values, total plate counts, pH, purge loss, drip loss, cook loss, taste panel characteristics, and visual panel characteristics were evaluated. Growth traits, slaughter characteristics, and proximate composition did not differ ( P > .05) between dietary treatment groups. aTocopherol concentrations were greater ( P < .05) and TBA values during extended retail display were less ( P < .05) for VITE chops than for CON chops. Overall palatability ratings were more desirable ( P < .05, at 14 d of vacuum storage) for VITE chops than for CON chops. Color measurements, sensory characteristics, total plate counts, pH, purge loss, drip loss, and cook loss were not influenced ( P > .05) by vitamin E supplementation. These results indicated that at the tissue a-tocopherol concentrations of the present study, vitamin E supplementation of the growingfinishing diet of hogs reduced lipid oxidation in fresh pork but did not influence pork color or tissue drip loss.
Introduction
As competition among the various animal protein sources increases, meat quality has become an important criterion relative to the marketability of meat cuts. Meat quality is especially important to pork as the pork industry attempts to increase its presence in the global market and as it faces increased domestic competition with other red meat species. According to Cannon et al. (1995) , inadequate color and waterholding capacity are two major quality concerns identified by all members of the pork marketing chain.
Supplementation of the swine diet with vitamin E during the growing and finishing periods may improve pork quality. Vitamin E is a potent antioxidant and has been demonstrated to decrease lipid oxidation, decrease drip loss, and improve the color of pork cuts (Asghar et al., 1991a; Monahan et al., 1990a Monahan et al., ,b, 1992a . Vitamin E supplementation also has been shown to improve average daily gain and feed efficiency of pigs (Asghar et al., 1991b) .
The objectives of the present study were to evaluate the effects of extended (84 d ) dietary vitamin E supplementation on the growth and slaughter characteristics of pigs and on the quality characteristics of fresh pork stored for extended periods of time (56 d ) and then displayed under retail conditions.
Materials and Methods
Animal Management and Treatments. Thirty crossbred pigs, 24 barrows and six gilts, were fed the control diet for a 2-wk adjustment period. A randomized, complete block design with two treatments and five blocks was utilized, with initial weight a Upon analysis, the control growing and finishing diets contained 8.9 and 5.00 mg a-tocopherol/kg diet, respectively. Upon analysis, growing and finishing diets containing supplemental vitamin E contained 95. 44 serving as the blocking factor. Within each block, pigs were randomly allotted to one of the two treatment groups.
The two treatments were a control diet containing no supplementary vitamin E ( CON) and a diet formulated to contain 100 mg of vitamin E/kg diet ( VITE) . The feeding trial was divided into a growing period (the first 42 d of the trial) and a finishing period (the final 42 d of the trial). Diet ingredients are listed in Table 1 . Pigs in the VITE groups were supplemented with vitamin E in the form of dl-atocopheryl acetate (Rovimix ® E-50 SD, HoffmannLaRoche, Nutley, NJ). Bulk feed was purchased in 22.5-kg bags from Agland (Eaton, CO). The dl-atocopheryl acetate was added to feed by mixing the bulk feed with the prescribed dl-a-tocopheryl for 5 min. The feed was mixed in 22.5-kg batches. Subsamples were taken at the time of mixing to determine atocopherol concentration of each diet. Upon analysis, CON growing and finishing diets contained 8.90 and 5.00 mg a-tocopherol/kg diet, respectively; VITE growing and finishing diets contained 95.44 and 108.42 mg a-tocopherol/kg diet, respectively.
Pigs were provided ad libitum access to the feed and were housed in an environmentally controlled barn. Floors in each pen were one-half solid concrete and one-half slotted aluminum. Feed intake and weight gain were measured every 2 wk.
Slaughter and Processing Procedures. At the completion of the feeding period, pigs were weighed and feed was removed approximately 12 h before slaughter. Pigs were transported to the Colorado State University abattoir where they were humanely slaughtered. Hot carcass weights were taken immediately after the final wash, before the carcasses were moved to the chill cooler. After a 4-d chilling period, cold carcass weights and backfat thickness (1st rib, last rib, and last lumbar vertebra) were measured. Dressing percentage (using hot carcass weight and live weight) and shrinkage (using chilled carcass weight and hot carcass weight) were calculated using the weights collected. Carcasses were fabricated into wholesale cuts for use in pork quality determinations. At that time, a 50-g sample of the longissimus muscle was removed for a-tocopherol and proximate (percentages of moisture and lipid) analyses.
The loin from the left side of each carcass was removed, deboned, and trimmed to remove all external fat in excess of .31 cm. Each loin was divided into four 10-cm sections. The sections were randomly assigned to four storage times: 0, 14, 28, and 56 d. Sections assigned to the 14-, 28-, and 56-d storage times were vacuum packaged ( −1.25 × 10 5 Pa) and stored at 2°C for the specified period of time. Sections used for the zero-day storage period were never vacuum packaged and were immediately prepared for retail display. Purge loss was calculated using the weights taken before and immediately after opening the vacuum packages after 28 and 56 d of storage. Sections were allowed to drip back into the back for 1 min after removal.
Pork Quality Evaluation. After the storage periods, sections were sliced into 2.54-cm-thick chops. Four chops were recovered from each section and overwrapped (individually) in oxygen-permeable polyvinyl chloride packaging film (1,000 to 1,050 mL O 2 / (645 cm 2 ·24 h). Chops from each loin section were removed after 1, 3, and 5-d retail display for taste panel evaluation (only 1-d retail display) and for chemical, color, and microbial analyses. Packaged cuts were displayed in a retail case under simulated retail conditions ( 2 to 4°C with 1,800 to 2,500 lux of continuous, warm white fluorescent illumination, two 25-min defrost cycles per day). During the 5-d display period (every 24 h), a six-member trained panel used a 15-cm line scale with anchors and a midpoint to evaluate one chop from each loin section for lean color uniformity ( 0 cm = extremely non-uniform, 15 cm = extremely uniform), percentage of lean discoloration ( 0 cm = 0% discoloration, 100% discoloration), lean color ( 0 cm = pale/white color, 15 cm = dark/brown color), and overall appearance of lean ( 0 cm = extremely undesirable, 15 cm = extremely desirable). Drip loss was calculated from chop weights taken before and immediately after retail display. a-Tocopherol concentration was determined at the Colorado State University Veterinary Diagnostic Laboratories (Ft. Collins, CO) using the procedure of Miller et al. (1984) . In that procedure, 0.1-to 0.3-g samples were mixed with 1.0 mL of ascorbic acid (1% in ethyl alcohol). The mix was then heated at 70°C for 3 min and saponified with 150 mL of saturated KOH (110 g KOH in 100 mL deionized water) for 20 min in a water bath. The mixture was extracted with 6.0 mL of hexane (in 3.0-mL aliquots) for 10 min and then evaporated in a hot water bath under a stream of nitrogen. Methanol (0.50 mL) was added to the evaporated mixture. High performance liquid chromatography was used to quantify atocopherol concentration using a C18 column (4.6 mm × 15 cm). The mobile phase was 96% methanol and 4% water, and the flow rate was 2.5 mL/min. Peaks were detected by fluorescence (excitation 295 nm, emission 325 nm). Samples were compared with vitamin E standards.
Longissimus muscle samples for proximate analysis were prepared by homogenizing closely trimmed muscle samples, recovered at the time of fabrication, in a food blender. Duplicate 3-g samples were used to evaluate moisture and lipid contents using an ovendrying procedure (70°C for 12 h in a vacuum oven) and repetitive washes with petroleum ether in a Soxhlet extraction apparatus (AOAC, 1990) .
Lipid oxidation was determined using thiobarbituric acid ( TBA) analysis procedures of Salih et al. (1987) , with the modification of using 5% (wt/vol) aqueous trichloroacetic acid as the extraction solvent instead of perchloric acid (Raharjo et al., 1993) . Results were expressed as TBA values (mg of malonaldehyde/kg of wet tissue).
Color changes during the storage and display periods were determined using a colorimeter (Hunterlab model D25D2, Hunter Associates Laboratory, Fairfax, VA) which recorded L (luminance), a (redness), and b (yellowness) values for each chop (one per chop). The instrument was calibrated using a blank (c2-3863) with the following values: L = 68.1, a = 22.6, and b = 9.4; Illuminant A was used.
Duplicate samples used for microbial evaluation were obtained by aseptically removing a 10-g tissue sample from the exterior of the chop and placing the sample into a stomacher bag containing 90 mL of a .1% sterile peptone water solution. Samples were placed into a stomacher apparatus and homogenized for 2 min. The appropriate dilutions were made and .1 mL of each diluent was spread-plated onto total plate count agar ( TPC) plates (Bacto Nutrient Agar, Difco Laboratories, Detroit, MI). Samples were incubated at 25°C for 48 h, and bacteria colonies were counted. The pH of the blended samples was determined at each sampling time using an Accumet 50 pH meter (Fisher Scientific, Pittsburgh, PA).
Taste panel analysis was conducted on the first day of display for each storage period. Chops for taste panel evaluation were cooked on Farberware openhearth grills (Farberware model 155N, Walter Kidde, Inc., Bronx, NY) to an internal temperature of 70°C monitored by a thermocouple thermometer (Atkins Technical, Gainesville, FL). Cubed portions from each chop were served warm, with water, to a six-member trained sensory panel for evaluation of tenderness, juiciness, pork flavor intensity, off-flavor intensity, and overall palatability. Panelists used a structured line-scale similar to that previously described for the visual evaluations ( 0 cm = extremely unacceptable; 15 cm = extremely acceptable) for sensory evaluations. Samples were provided to the panelists who were located in a room where red lighting was used. Cooking loss was determined by weighing chops before and after cooking.
Statistical Analysis. All taste panel and visual panel data were averaged across panelists using least squares means methodology. All data were analyzed using the General Linear Model procedure of SAS (1986) . Live animal, slaughter, proximate analysis, and a-tocopherol data were analyzed using a randomized, complete block design with treatment and block serving as fixed effects. Animal was the experimental unit for all analyses except for the analyses of feed intake and feed/gain conversion. Due to the pen allotment (three pigs/pen), it was impossible to measure individual animal feed intake; therefore, feed intake was pooled across pen and the average feed intake per pen was used in the analysis. To determine feed/gain, gain was measured as the average of data obtained for individual pens.
Purge loss, drip loss, and cooking loss data were analyzed using a repeated-measures model that included the fixed effect of treatment and storage period as a repeated measure. Taste panel, visual panel, TBA, TPC, pH, and Hunter Lab data were analyzed using a repeated-measures model that included treatment as a fixed effect and storage period and display period as repeated measures. Differences ( P < .05) between treatment least squares means were determined using the LSD procedure (SAS, 1986) .
Results and Discussion
No differences ( P > .05) in growth characteristics existed between the two treatment groups for the duration of the feeding period ( Table 2 ). The results of the present study disagree with the results of Asghar et al. (1991b) , who observed improved average daily gain and feed efficiency during the early phases of growth for pigs supplemented with vitamin E (100 and 200 IU/kg feed). However, Amer and Elliot (1973) , Roth and Kirschgessner (1975) , and Monahan et al. (1990b) observed no effect of vitamin E supplementation on growth and feeding characteristics of swine. a-Tocopherol concentration was 10 times greater ( P < .05) in longissimus muscle from VITE pigs (1.86 ± .198 mg/g tissue) than in longissimus muscle from CON pigs (.19 ± .026 mg/g tissue). No differences ( P > .05) in longissimus muscle moisture and lipid contents were observed between the two treatment groups (data not presented in tabular form). The longissimus a-tocopherol concentrations of both the CON and VITE pigs were less than those reported in previous studies (Monahan et al., 1990a (Monahan et al., ,b, 1992b Asghar et al., 1991a; Cheah et al., 1995) . The lower atocopherol concentrations related to less than expected a-tocopherol concentrations in the feed (see Table 1 footnotes).
Carcass characteristics did not differ ( P > .05) between treatment groups (Table 3) . Asghar et al. (1991b) reported greater numerical values for hot carcass weights from pigs supplemented with vitamin E, which were attributed to the heavier live weights of these pigs. The lack of dietary treatment differences in the present study for carcass dressing percentage and shrinkage agrees with the findings of Asghar et al. (1991b) .
Mean squares from repeated-measures analysis of variance for stored and displayed fresh pork characteristics are presented in Table 4 . This table is used to present statistical differences for the model effects and interactions and will be used for the discussion of the results.
Thiobarbituric acid values (measures of lipid oxidation) were lower ( P < .05) for VITE chops than for CON chops at 3 and 5 d of retail display for all periods of vacuum storage (Tables 4 and 5 ). No differences ( P > .05) in TBA values existed between VITE and CON chops after 1 d of retail display for the entire period of vacuum storage. All of the TBA values for both treatment groups were below the threshold value (1.0 mg malonaldehyde/kg tissue) for organoleptic detection of warmed-over or rancid flavor (Gray and Pearson, 1987; Boles and Parrish, 1990 (Monahan et al., 1990a (Monahan et al., ,b, 1992a Asghar et al., 1991a) . The results of the present study support previous research and indicate that the combination of dietary vitamin E supplementation and vacuum packaging can minimize lipid oxidation during extended periods of storage and retail display.
Taste panel properties of fresh longissimus chops from CON and VITE pigs are presented in Table 6 . Vitamin E did not influence ( P > .05) taste panel scores for tenderness, juiciness, pork flavor intensity, or off-flavor intensity. The significant treatment effect and nonsignificant interaction between treatment and storage time suggest that overall palatability ratings for VITE chops were greater than those for CON chops at all storage times. In general, taste panel ratings for juiciness, tenderness, and off-flavor intensity were numerically higher for VITE chops than for CON chops. The additive influence of the latter traits undoubtedly contributed to the significant treatment effect observed for overall palatability ratings. The lack of any off-flavor relates to the relatively low TBA values observed throughout the trial. Significant storage effects (Table 6 ) were observed for all taste panel traits except pork flavor intensity ( P = .06); however, no consistent patterns in palatability changes during storage were identified except that tenderness improved as time in vacuum storage increased. Hunter L, a, and b values were not influenced ( P > .05) by dietary vitamin E supplementation (Table 4) No significant differences existed between treatment groups for any of the visual traits (Table 4) ; however, vacuum storage time, retail display time, and the interaction between vacuum storage time and retail display time influenced ( P < .05) visual traits (absolute values not presented in tabular form). Panel ratings became less desirable as vacuum storage time and retail display time increased. The decrease in the overall panel ratings that accompanied increased retail display time was more pronounced as Table 6 . Taste panel properties of fresh longissimus chops from control pigs and pigs supplemented with vitamin E a Sensory measurements using a 15-cm line scale: 0-cm = extremely dry, tough, bland, intense off-flavor and unpalatable; and 15-cm = extremely juicy, tender, intense pork-flavor, no off-flavor and palatable.
b CON = control diet; VITE = diet supplemented with vitamin E. c Repeated-measures model effects: Trt = treatment, Stor = storage period, Trt × Stor = treatment by storage interaction; *P < .05, NS = not significant. vacuum storage time increased. Color uniformity and percent discoloration scores did not differ ( P > .05) between VITE chops and CON chops, and this related to the lack of differences in Hunter L, a, and b values. Visual appearance of fresh meat influences a consumer's decision to buy a particular product; surface discoloration may indicate a lack of product freshness, and that product may not be purchased by the consumer (Smith et al., 1993) . A potential advantage of dietary supplementation with vitamin E is the improved meat color during extended periods of meat storage. Enhanced meat color through dietary vitamin E supplementation has been demonstrated in beef (Faustman et al., 1989a,b; Arnold et al., 1993; Sherbeck et al., 1995) and lamb . Furthermore, Asghar et al. (1991a) observed increased color stability and Monahan et al. (1992a) reported greater a* values for redness for refrigerated chops from pigs supplemented with vitamin E compared with chops from pigs receiving no supplemental vitamin E. Monahan et al. (1992a) attributed increased color stability, due to dietary supplementation with vitamin E, to the reduction in the rate of metmyoglobin formation. The lack of differences in Hunter colorimeter values and visual characteristics observed in the present study could be attributed to the low a-tocopherol concentration of the longissimus muscle. Faustman et al. (1989a) indicated that an atocopherol concentration of 3.0 to 3.7 mg/g of tissue is needed to stabilize beef color and to extend shelf life. Asghar et al. (1991a) concluded that improvements in pork color due to dietary vitamin E supplementation were directly related to the amount of a-tocopherol incorporated into the tissue; however, no previous research has identified the tissue a-tocopherol level that is needed to stabilize pork color.
Purge loss (determined after 28 and 56 d of vacuum storage [data not presented in tabular form]) and retail drip loss and cook loss (determined after 0, 14, 28, and 56 d of storage) did not differ ( P > .05) between treatment groups (Table 7) . Asghar et al. (1991a) observed reduced drip loss for chops from pigs supplemented with vitamin E as compared with chops from control pigs. Additionally, Cheah et al. (1995) found that dietary supplementation with vitamin E prevented PSE and improved tissue waterholding capacity of pork. The lack of differences in the present study for drip loss and purge loss could be due to the lower tissue a-tocopherol levels compared with those observed by Asghar et al. (1991a) . Asghar et al. (1991a) concluded that, as with pork color, the atocopherol influence on water-holding capacity was directly related to the amount of a-tocopherol incorporated into the cellular membranes of muscle. (Table 4) . Depending on vacuum storage time, the retail case life (TPC < 10 7 cfu/g) of the chops was only 3 to 5 d. The retail case life of the chops in the present study was dramatically shorter than that reported in previous studies (Monahan et al., 1990a (Monahan et al., ,b, 1992a Asghar et al., 1991a) ; this reduction in case life could perhaps be attributed to differences in storage and retail display conditions. Previous studies did not have an extended fresh storage period before retail display. Asghar et al. (1991a) indicated that the rate of bacterial growth (total psychrotrophs and mesophiles) was greater on chops from pigs supplemented with vitamin E than on chops from control pigs. Asghar et al. (1991a) attributed the greater bacterial counts to either an increase in water activity due to reduced drip loss or a more conducive (less oxidation) environment that would favor bacterial growth. Whenever pork quality and sensory characteristics can be maintained for extended periods of storage, consideration must be given to the amount and type of bacterial growth that might occur during the additional time; especially important are considerations of shelf life and, more importantly, product safety. The potential positive effects of dietary vitamin E (reduced lipid oxidation) were negated by the relatively short microbial shelf life of pork stored under the conditions of the present study.
Implications
The swine industry is continually looking for methods to improve the quality and consumer acceptability of pork. Previous studies have demonstrated the advantages of dietary vitamin E supplementation relative to pig growth traits, color and flavor characteristics of fresh pork, and drip loss of pork. At the longissimus a-tocopherol concentrations observed in the present study, vitamin E supplementation decreased lipid oxidation; however, vitamin E supplementation did not influence fresh pork color, fresh pork shelf life, or tissue drip and purge loss. We would speculate that greater muscle a-tocopherol concentrations would be needed to improve pork color characteristics and reduce pork drip or purge loss.
